Abstract. Diatom diversity of six small playa lakes within the Yarra Yarra drainage system, Western Australia, and the environmental variables likely to influence their distribution was investigated. Thirty-one pennate diatom taxa were identified. Taxa consisted of facultative planktonic and periphytic, circumneutral to alkaliphilous or pH-indifferent forms with known adaptations to saline conditions and fluctuations in salinity in NaCl dominated waters. Data were analysed by ordination (MDS and PCA), hierarchical clustering (CLUSTER), permutation-based hypothesis testing (ANOSIM) and comparative tests on similarity matrices (RELATE). Water depth accounted for the majority of variation in the environmental data. REALTE comparisons of environmental and taxa data did not produce a significant correlation value. We propose that the poor concurrence of the datasets was influenced by the wide ecological tolerances of the taxa recorded, some crucial unmeasured environmental variable/s, possible geographical regionalisation and/or unsampled taxa variability owing to the stochastic nature of the wetlands. Broad patterns of distribution were related to hydroperiod and some taxa groups were loosely associated with environmental groups consistent with established ecological tolerances for the taxa.
Introduction
Small playas (>10 ha) constitute numerically more than half of the salt lakes of the Yarra Yarra drainage system in the Yarra Yarra catchment area of Western Australia ( Fig. 1 ) (Boggs et al. 2006) . They are ephemeral and, while ionically similar, exhibit a range of hydrochemical environments through variable hydroperiods and filling frequencies brought about by rainfall and catchment variability (Boggs et al. 2007a) . As well as being spatially variable, individual playas can be highly temporally irregular in terms of hydroperiod and can pass through several hydrochemical states (Boggs et al. 2007a ) and resultant ecological regimes (Strehlow et al. 2005 ) in a single hydroperiod. Thus, there are several layers of hydrological and ecological variability operating in these wetlands.
Despite being a conspicuous element of the landscape and under serious threat from well documented land clearance and associated secondary-salinisation issues in the catchment (Henschke 1989; Clarke 2001; Regeneration Technology Pty Ltd 2001; Keighery 2004 ) only a handful of playas of the Yarra Yarra drainage system have been sampled for their aquatic biology in the past 25 years (see Brock and Lane 1983; Brock and Shiel 1983; Smith 2001; Blinn et al. 2004; Pinder et al. 2004 Pinder et al. , 2005 Boggs et al. 2007b) . Systematic survey is likely to have been hindered by the unpredictability of hydroperiod, inaccessibility and socio-economic barriers such as the incompatibility of playas with agricultural land-use practices.
Recent broad-scale surveys of wetlands of the wider wheatbelt area (which lies roughly in the 600-300-mm rainfall zone of Western Australia and includes the Yarra Yarra drainage system) have identified that such wetlands are more important to the region's biodiversity than previously conceived . Surveys by Blinn et al. (2004) identified that wetlands of the wheatbelt not only have appreciable diatom diversity but that diatom assemblages are correlated with land-use practices. Consequently, in addition to their functional role as components of the benthic community, diatoms constitute bio-monitoring tools.
Diatoms as a bio-monitoring tool show a consistent tolerance to a wide range of environmental parameters such as light, moisture, pH, salinity, oxygen and nutrients; they also respond rapidly to environmental change. Their application in monitoring change, and their relationships with major environmental variables in salt-lake environments, is well documented from locations world wide. Applications include using diatoms to predict drought periodicity, past climate conditions, salinity changes and water-body nutrient status (Gell and Gasse 1990; Servant-Vildary and Roux 1990; Gasse et al. 1997; Gell 1997; Gaiser et al. 1998; Reed 1998; Fritz et al. 1999; Fritz 2000, 2002; Gasse 2002) .
Thus, given the importance of playas to biodiversity in the region and their status as threatened ecosystems and the potential of diatoms as bio-monitoring tools in such impacted ecosystems, the aim of the present research was to create an inventory of the diatom taxa present in six small playas of the Yarra Yarra drainage system and to determine the environmental variables that most influence their distribution. 
Study area
The Yarra Yarra drainage system comprises a chain of more than 4500 playas located in the northern wheatbelt of Western Australia, ∼300 km north-east of Perth (Fig. 1) . Spanning several rainfall isohyets in the semi-arid zone of Western Australia, the average annual rainfall is 450 mm in the south-west of the catchment, decreasing to 200 mm in the north-east. This rainfall gradient generates variability in playa hydroperiod and filling frequency. The origin and geomorphology of the system has been discussed in detail elsewhere (Killigrew and Gilkes 1974; Beard 1999 Beard , 2000 Boggs et al. 2006) . Six small playas (>3 km 2 ), comprising three pairs of adjacent lakes, were chosen for detailed investigation, and labelled Mongers A (MONA), Mongers B (MONB), Kadji A (KA), Kadji B (KB), Morawa A (MA) and Morawa B (MB). The playas are geomorphically similar and were chosen to represent a hydrological continuum from mostly wet (MONB) to mostly dry (KA), in order to investigate the effect of variable hydrological environments on diatom assemblages. The hydrochemistry of the playas is reported in Boggs et al. (2007a) and summarised in Table 1 .
Materials and methods

Sample acquisition and analysis
Scrapes and surface waters were collected from the middle of each playa approximately weekly during wet phases. Scrapes of the top 3 mm of benthos were taken with a spoon. The sample jar was filled to a depth of 5 mm by this technique. In total, 48 scrapes with corresponding surface waters samples were taken between February 2002 and June 2004. The number of samples taken from each playa varied considerably, depending on the frequency and duration of inundation (Table 1) .
Benthic material was stored in 100-mL plastic vials and preserved in formalin diluted with lake water. In the laboratory, samples were homogenised and ∼1 g of sample used in Location (UTM)  6731394E,  6730831E,  6769926E,  6769720E,  6763562E,  6764320E,  470977N  470970N  446696N  446638N  403806N  403795N  Brine type Na slide preparation. Samples were prepared for diatom analysis following Ryves et al. (2001) . Standard methods were modified by concentrating diatom frustules with sodium pyrophosphate, following Bates et al. (1978) . Water samples were stored in 500-mL plastic bottles and kept cool before analysis. Sample pH and total dissolved solids (TDS) were measured with a TPS conductivity-TDS-pH-temperature meter in the laboratory. Major cations and anions, Ca, K, Mg, Na, SO 4 and SiO 2 (ICPOES), PO 4 (FIA), Cl (CL 2 ) and HCO 3 and CO 3 (ALK1), were measured at the Northern Territory Environmental Laboratories according to standard methods (Eaton et al. 2005) . Because of high TDS, some samples were diluted to reduce matrix effects.
Diatoms were identified by light microscopy at ×1000 magnification with Nomarski optics and identified with the following keys; Krammer and Lange-Bertalot (1986 , 1988 , 1991 , Gell et al. (1999) and Sonneman et al. (2000) . Voucher collections are held by the University of Western Australia herbarium. In most cases, 200 diatom frustules were counted along transects, from two slides for each sample. Because of the rapid rate of dissolution in alkaline, saline environments (Flower 1993) , all diatom cells were counted and considered 'alive' at the time of sampling.
Statistical analysis
Data were analysed in the PRIMER 6 (Plymouth Routines In Multivariate Ecological Research) computer software by the following methods: principal component analysis (PCA) to summarise patterns in environmental variables; multidimensional scaling (MDS) to further summarise patterns in both the environmental and taxa data; hierarchical clustering into sample or species groups (CLUSTER); analysis of similarity (ANOSIM) between CLUSTER groups in both the environmental and taxa data; and the RELEATE analysis which tests the relationship between multivariate pattern from two datasets, in this case the relationship between environmental and taxa data.
Environmental data
Correlated variables (correlations greater than 0.9) ( Table 2) were removed from the data. Data were normalised and analysed using PCA for each lake separately and combined. Combined data were transformed with a Euclidean distance transformation and analysed with MDA and the group average CLUSTER method. Data were assigned FACTORS on the basis of the CLUSTER analysis. The FACTOR groups were tested for 
Taxa data
Taxa that represented less than 5% of the samples were removed from the data to reduce the effects of rare taxa. Raw taxa abundance data were transformed with a square-root transformation to down-weight the effects of dominant taxa, and analysed with MDS under a Bray-Curtis transformation and the group average CLUSTER method. Data were assigned FACTORS corresponding to the CLUSTER groups and analysed for significant differences with ANOSIM.
RELATE
Environmental data and taxa data were transformed with Euclidean distance and Bray-Curtis transformations, respectively, in PRIMER. The resulting matrices were tested for the strength of their correlation with the RELATE analysis with the Spearman rank correlation method.
Short-term population change
Data used in the statistical analysis were also graphed and in the C2 (v1.4) software through stratigraphic diagrams to investigate short-term population change of modern assemblages (Juggins 2003) . Environmental variables derived from the PCA for each lake (Table 3) were plotted against taxa percentage abundances.
Results
Sample analysis
Diatomaceous material was found in all samples but in low abundance in seven samples that were consequently excluded from analyses (KA 10/05/03; KA 20/05/03; KB 10/05/03; KB 20/05/03; MA 19/10/03; MB 19/10/03; MONA 4/10/03). Thus, all samples taken from the Kadji playas were omitted thereby removing the material intended to represent the 'mostly dry' end of the hydrological continuum. Nonetheless, the remaining 41 samples were scored for diatoms. A total of 31 pennate diatom taxa was identified (Appendix 2, available as an Accessory Publication on the web). The taxa identified consisted of facultative planktonic and periphytic, circumneutral to alkaliphilous or pH-indifferent forms, with known adaptations to saline conditions and fluctuations in salinity in NaCldominated waters. After data were reduced for statistical analysis, MA, MB, MONA and MONB had a total of 4, 3, 17 and 17 taxa, respectively (Fig. 2a) .
Analysis of environmental data
The results of the PCA of environmental data are presented in Fig. 3a . PC1 and PC2 account for 69.8% of the variation in the data. For the combined data, the first PC was negatively correlated with water depth and pH, and positively correlated with alkalinity calcium and TDS. PC2 had a strong positive correlation with SiO 2 concentration and a negative correlation with alkalinity and water depth. Eigenvectors and Eigenvalues are given in Tables 3 and 4 . Cluster analysis of the data at a Euclidean distance of 2.4 produced nine groups of samples (Fig. 3) . ANOSIM on the basis of these groups reveals that the groups are significantly different (significance level of sample statistic: 0.1%) except in three cases between Groups 7 and 3, Groups 7 and 2, and Groups 4 and 2 (Table 5) The environmental characteristics of each group of samples are summarised (Table 6) . Some broad patterns are illustrated with bubble plots of environmental data, superimposed on top of the PCA with clusters in Fig. 4 . Patterns observed show that Group 2 comprises deep-water, low-TDS, high-pH samples; Group 7 samples are high in SiO 2 and Ca; and Group 4 comprises shallow-water, high-TDS and -alkalinity samples. 
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Analysis of taxa data
The results of the MDS are given in Fig. 5 . The MDS had a relatively low stress level of 0.12. Cluster analysis of the data at a Bray-Curtis similarity value of 40 produced five groups of samples (Fig. 5) . ANOSIM on the basis of these groups revealed than less than half of the group combinations were significantly Table 5 ). Bubble plots of taxa abundance were superimposed on top of the MDS. Some examples are given in Fig. 6 . A summary of the important taxa in each group are given in Table 6 . Several taxa were restricted entirely to one group, e.g. Navicula crypotocephala to Group 1; Craticula halophila to Group 2; and Hantzschia vivax to Group 5.
Relationships between datasets
The RELATE analysis produced a Spearman's P-value of 0.152 (significance level of sample statistic: 1.7%) indicating that the environmental-data matrix and the taxa-data matrix are not significantly statistically correlated.
Environmental clusters superimposed on the MDS of taxa data (Fig. 5) give a visual indication of the relationships between the two datasets. There is notable overlap of Taxa Group 4 (Amphora veneta and Amphora sp.) and Environmental Group 2 (deep water, low TDS, high pH). Taxa Group 1 (N. cryptocephala) overlaps with Environmental Group 7 (medium water depth and TDS and high SiO 2 -not significantly different from Environmental Group 2). Taxa Group 2 (A. veneta) overlaps with Environmental Groups 2 and 7 (not found to be significantly different). Taxa Groups 3 and 5 overlap strongly with Environmental Groups 2 and 4 but also with Groups 3 and 6, indicating these taxa have wide ecological tolerances (C. halophila and A. veneta). Navicula incertata was particularly euryhaline, being present in all sites at different times, under widely varying hydrochemical conditions.
Short-term population change
Stratigraphic diagrams showing short-term population changes in each lake are given in Fig. 2 . All samples in MA were dominated by N. incertata, regardless of variation in the dominant environmental variables measured. Small incursions
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Discussion
The taxa recorded are cosmopolitan and found in assemblages similar to other saline wetlands in Australia (Gell and Gasse 1990; Gell 1997; Blinn and Bailey 2001; Gell et al. 2002; Blinn et al. 2004 ) and the world (Ehrlich and Dor 1985; Servant-Vildary and Roux 1990). The number of taxa recorded is comparable to that found in recent studies in the region where similar wetlands with salinity >30 g L −1 had fewer than 20 species (Blinn et al. 2004) .
In contrast to previous studies, however, the results presented here reveal strong environmental patterns that generally do not correlate well statistically with their corresponding taxa data. There may be several possible explanations for this non-concurrence between datasets. First, many of the taxa recorded have broad ecological tolerance to a wide range in the environmental parameters measured. For example, N. incertata was euryhaline (4.22-325.1 g L −1 TDS) and present at different times in all sites.
Second, diatom distribution may be driven by some variable/s other than, or in concert with, the 12 measured here. For example, Blinn et al. (2004) found in their study of wetlands of the wheatbelt of Western Australia that the composition of diatom assemblages was correlated with a combination of pH, salinity, alkalinity and total phosphorus. Variation revealed in the present study may be related to multi-nutrient availability (N, P, Si, Fe), particularly given the location of the playas in an agricultural landscape where phosphate (superphosphate)-and nitrogen (urea)-based fertilisers are in heavy use (Van Gool and Runge 1996, 1997; Hamblin 2001) . The availability of nutrients is complicated by ionic composition and concentration, namely the extracellular concentrations of Na 2+ , K + and SO 4 2− which impact on P transport, NO 3 − uptake (through molybdate inhibition) and the uptake rate of silica Fritz 2000, 2002) . In the present study, known eutraphentic taxa such as L. mutica (Gell et al. 2002) did not occur reliably during periods of high PO 4 in the surface waters. However, PO 4 uptake may have been complicated by the coincidence of high TDS. Phosphate transport is promoted by Na 2+ and inhibited by K + (Saros and Fritz 2002) . TDS had very strong correlations with both Na 2+ and K + , i.e. 0.99 and 0.97, respectively. Strong relationships between agricultural land-use practices and diatom assemblages have been reported in at least two studies in Australia. Blinn and Bailey (2001) found diatom community structure in Australian streams to be strongly related to land use. Particularly relevant to our study is their finding that secondary salinisation and high phosphate levels related to agricultural practices reduced species richness and diversity, and that at high salinities, PO 4 was driving community structure. Also, Blinn et al. (2004) found that diatom assemblages in wetlands of the wheatbelt of Western Australia were correlated with water-logging and salinisation resulting from land clearance.
Third, cluster analysis of the environmental variables did not necessarily group geographically proximate samples. However; clusters based on the taxa abundance tended to group samples that were physically adjacent. This also may be an artefact of neglecting crucial environmental variable/s and testament to the broad ecological tolerances of many of the species present. However, local recruitment may be important for driving species distribution. Indeed, the connectivity of the lakes through streams and waterfowl will be important for recruitment and determining the proportion of Allochthonous diatoms. Small incursions of L. mutica, a known aerophilous taxon (Gasse 1986; Gell et al. 2002 Gell et al. , 2005 , following freshwater inputs in MONA and MONB suggest that the taxon may have been introduced with eroded sediments during filling. Regional zonation of assemblages could be investigated through a larger sample size coupled with remote sensing techniques to monitor playa connectivity through surface waters.
Fourth, the ephemeral playas of the Yarra Yarra drainage system are hydrologically stochastic environments. The microflora of these environments must needfully be opportunistic. In order to determine fully the range of taxa-environmental relationships that occur in these environments, a more detailed sampling regime than that presented here is required. The inter-annual variation in hydroperiod may mean that different taxa emerge year-to-year in response to patterns such as changes in the frequency of drying which is known to affect wetland productivity through the nutrient pulses that occur during flooding (Gawne and Scholz 2006) . The differences in seasonal events may have implications for the future of research in playas of the region where predicted climate-change scenarios suggest that summer storms are likely to become more regular (Allan and Hunt 1999) . The paucity of research on this scale in playas brings into question the applicability of diatom indicator species identified from other studies to these wetlands. For example, Blinn et al. (2004) identified that Hantzschia amphioxys, Nitzschia hybrida, Tryblionella hungarica and N. recta were numerically important taxa in wetlands with visible signs of salinisation. None of these taxa was found in high abundance in the research presented here, suggesting either that the six playas investigated are unaffected by secondary salt (unlikely), or that the taxa identified are not suitable indicators in naturally saline playa lakes.
Although the correlations between the environmental and taxa data are not statistically significant, visual comparison of the results reveal several trends. Almost half of the variation in the environmental data was related to water depth. If water depth is considered as a proxy for hydroperiod, and given that the six lakes sampled here represented a hydrological continuum (KA MONB), the number of taxa found in each lake can be described broadly as being positively related to hydroperiod. Long periods of drought (up to several years), and subsequent deflation of cysts from the lake floor, may have restricted the emergence of diatoms during wet phases in the Kadji playas (KA and KB) which contained negligible, diatomaceous material. Conversely, the long hydroperiods of the Mongers playas (MONA and MONB) produced the highest total number of taxa. Hydroperiod has been investigated in its capacity to determine the distribution of diatoms elsewhere. Gaiser et al. (1998) recorded that diatom assemblages in the Carolina Bays, USA, had a strong linear relationship to hydroperiod, indicating that diatoms can be used to predict drought periodicity. In order to investigate further this relationship in the Yarra Yarra system would require a greater sample size than presented here; however, the application would be valuable for the system where a rainfall gradient extending SW-NE across the catchment is likely to generate a hydroperiod gradient.
Furthermore, it would be valuable to determine what role passive transport vectors such as wind, floodwaters, invertebrates and waterfowl play in recruiting diatoms to playas after long periods of desiccation. The south-west of Western Australia has been identified as an area of significant dust production (Prospero et al. 2002) . Thus, the probability of resistant cysts being distributed by wind is high. Further, as the Yarra Yarra lakes are a loosely connected system, transport through surface waters during flood events is likely. Finally, the importance of invertebrates and waterfowl in the dispersal of diatoms has 
Diatom diversity in small playa lakes Australian Journal of Botany 11 been established (Schlichting 1960; Schlichting and Sides 1969; Sides 1973; Wuthrich and Matthey 1980) but not thoroughly examined in Australia. Nonetheless, the abundance of waterbirds and invertebrates associated with playas in Australia (Geddes et al. 1981; Halse et al. 1994; Roshier et al. 2002; Cale et al. 2004; Pinder et al. 2005 ) provides a range of potential dispersal mechanisms. An additional 20% of variance in the environmental data was related to the concentration of SiO 2 . Silica is a limiting variable for diatoms when nutrients are not limited (Smetacek 1998). Biogeochemical cycling of silica is important in structuring communities as it forms the diatom frustule. However, surface water silica may not be an entirely abiotic variable but partly a measure of biogenic silica (Clarke and Ainsworth 1993) . Furthermore, as extracellular concentrations of Na 2+ increase, so does the uptake rate of silicate (Saros and Fritz 2002) . Therefore, further investigation of silica cycling in the lakes would be required to elucidate the relationship.
Visual comparison of the MDS graphs for both datasets and the stratigraphic diagrams show that there are some relationships that were not highlighted by the RELATE analysis. In particular, there is overlap between environmental cluster groups and taxa groups on the MDS. For example, overlap of Environmental Group 2 and Taxa Group 4 suggest that assemblages dominated by a combination of A. veneta and Amphora sp. are closely tied to a hydrological environment of 'deep' water (long hydroperiod), low TDS and neutral to high pH. Similarly, the strong overlap of Taxa Group 3, dominated by N. incertata, and Environmental Group 2 show the affiliation of N. incertata for shallow, hypersaline conditions. However, N. incertata was also present in Environmental Groups 2, 3, 6 and 7, indicating it can tolerate a broad range of variables.
The stratigraphic diagrams show that the broad distributions of N. cryptocephala and N. incertata become dominant in low TDS and high TDS samples, respectively, in accordance with other records of the tolerances of the taxa (Gell 1997; Gell et al. 2002) . The distribution of diatom species is often quoted as being highly correlated with salinity, or some correlated variable, and major anion composition (Gell and Gasse 1990; Saros and Fritz 2000) . While the lakes had consistent major anion compositions dominated by Na and Cl (Table 1, and Boggs et al. 2007a) , they had large ranges of salinity. For example, MONA fluctuated from 20.2 to 156.9 g L −1 during a 6-week hydroperiod. The failure of salinity to drive species distribution is likely to be related to several factors, including the wide ecological tolerances of many of the species recorded. Amphora sp. was euryhaline; presumably resulting from this, it is the only taxon that was dominant or co-dominant at some stage in all lakes. Other known euryhaline taxa such as A. coffeaeformis (Gell 1997) were patchily distributed and presumably limited by other factors.
Conclusions
Diatoms were collected from six small playa lakes to construct an inventory of the diatom taxa and determine the environmental variables that influence their distribution. The lakes were chosen to represent a hydrological continuum in order to investigate the effects of variable hydrological environments on species distribution. No unique taxa were recorded and the number of species present was typical of wetlands of this type. When compared through RELATE analysis, there was a poor correlation between the environmental and taxa datasets. This may be explained by a combination of the following four possible factors: (1) the broad ecological tolerances of many of the species present; (2) unmeasured environmental variable/s; (3) local recruitment and regional zonation; and/or (4) unrecorded variation in taxa due the stochasticity of the wetlands. However, visual comparison of the results suggests that diatom assemblages are positively related to hydroperiod, i.e. the mostly dry lakes (KA and KB) contained negligible diatomaceous material while the mostly wet lakes (MONA and MONB) had the greatest number of taxa. These trends require validation through longer-term studies and a more detailed sampling regime. Nonetheless, the research identifies that the playas have significantly different hydrochemical environments that are habitat to an array of diatoms with potential as bio-monitoring tools for playas of the region. 
